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ethyl acetate), thus being energy-intensive and environmentally unfriendly [7] . Moreover, 72 the yields obtained are low because it accumulates at low levels in plant cells. To meet the 73 phenylpropanoids market needs, it is imperative to look for new green and environmental 74 production methods to replace the traditional extraction one. One way to achieve high 75 levels of caffeic acid is the production via engineered microorganisms, such as Escherichia 76 coli [8] [9] [10] .
77
Natural caffeic acid production starts with the deamination of the amino acid phenylalanine 78 which is converted to cinnamic acid by phenylalanine ammonia lyase (PAL) (Fig. 1) . Then, 79 cinnamic acid is converted in to p-coumaric acid by cinnamate-4-hydroxylase (C4H), and 80 caffeic acid is obtained from p-coumaric acid using 4-coumarate 3-hydroxylase (C3H).
81
Tyrosine can also be used as a precursor as some PALs also have tyrosine ammonia lyase 82 (TAL) activity [11, 12] . Since tyrosine already possesses a 4-hydroxyl group, its use is 83 advantageous as it can be directly converted to p-coumaric acid, thus decreasing the 84 number of steps to produce caffeic acid. Also, using TAL, the C4H enzyme that is essential M a n u s c r i p t 6 for caffeic acid production in plants and has not yet been successfully expressed in 86 prokaryotic organisms [13] is not needed anymore.
87
In the last decade several efforts have been conducted to produce caffeic acid using 88 microorganisms. Berner et al. [14] identified sam8 and sam5 genes, encoding TAL and 89 C3H involved in caffeic acid biosynthesis in the actinomycete Saccharothrix espanaensis 90 and expressed them in Streptomyces fradiae XKS. After that, these enzymes were used to 91 produce caffeic acid in E. coli (Table 1 ). Other bacterial TAL (Rhodobacter capsulatus and
92
Rhodotorula glutinis) were also used for the production of p-coumaric acid and 93 hydroxyphenylacetate 3-hydroxylase (4HPA3H) from E. coli or Pseudomonas aeruginosa, 94 and cytochrome P450 CYP199A2 from Rhodopseudomonas palustris was proved to 95 convert p-coumaric acid to in caffeic acid with a high yield.
96
In this study, we describe the production of caffeic acid from tyrosine or p-coumaric acid.
97
To convert tyrosine to in p-coumaric acid we used TAL from R. glutinis. p-coumaric acid 98 was converted to in caffeic acid using C3H from S. espanaensis or CYP199A2 from R.
99
palustris. Although all these genes have previously been used in the caffeic acid 100 production, it is important to mention that, as far as we know, the caffeic acid production 101 from tyrosine using CYP199A2 in the pathway has never been attempted. Additionally, in 102 the current study, the titers of caffeic acid obtained using TAL and C3H genes were higher 103 than the ones reported in other studies using the same genes. These high yields were 104 obtained by using different combinations of plasmids and genetic arrangements. a In some studies a tyrosine overproducing strain was used in which: tyrR (tyrosine repressor) and pheA (chorismate mutase / prephenate dehydratase) were deleted (ΔtyrR and ΔpheA) to direct the pathway only to 111 tyrosine production; ppsA (PEP synthase) and tktA (transkelotase) were overexpressed to increase the availability of the two main precursors of aromatic amino acids biosynthesis; and tyrA (chorismate mutase / 112 prephenate dehydrogenase) and aroG (3-deoxy-D-arabino-heptulosonate 7-phosphate synthase) gene sequences were modified and the feedback inhibition-resistant derivatives (tyrA fbr and aroG caffeoyl-CoA ( Fig. 1 ) using 4CL from P. crispus and E. coli endogenous thiosterase was tested to increase the yield but it was not successful.
115
Genes -Organisms the phenylalanine residue at 185 position (F185) of CYP199A2 was replaced by leucine
The DNA sequences of the codon-optimized genes are provided in Table 3 .
149
Supplementary Material (Table S1 ). A c c e p t e d M a n u s c r i p t 13 Table 3 . Gene sequences of TAL, C3H and CYP199A2 with codon optimization (continuation).
162
Gene Sequence
Construction of plasmids

163
The genes encoding TAL and C3H were expressed in E. coli cells using the pETDuet-1, 164 pCDFDuet-1, pRSFDuet-1 and pKVS45 vectors ( Table 2 ). The gene encoding CYP199A2 165 mutant was cloned in pCDFDuet-1 and CYP199A2 redox partners, pdr and pux genes, 166 were cloned in an operon in pKVS45 using restriction enzymes. All the primers used are 167 summarized in Table 4 3. TAL and CYP199A2 were also cloned in an operon using 
Restriction enzyme
Start and stop codons in bold, occasionally the start codon is placed upstream of the His 6 -tag sequence and no stop codon is included because of the presence of 
186
For p-coumaric acid and/or caffeic acid production, cultures were grown at 37 ºC in 50 mL
187
LB to an optical density at 600 nm (OD 600 ) of 0.4. IPTG and/or aTc were added at the same 188 time (unless otherwise specified) at a final concentration of 1 mM and 100 ng/mL, (Table 1) . CYP199A2 from R. palustris was chosen as it was effectively used in previous 249 studies to achieve one of the highest caffeic acid production from p-coumaric acid [8].
250
A c c e p t e d M a n u s c r i p t 19
Production of p-coumaric acid from tyrosine using TAL
252
In order to study p-coumaric acid production from tyrosine, codon-optimized TAL was 
Production of caffeic acid from p-coumaric acid using C3H
285
Caffeic acid was produced from p-coumaric acid using S. espanaensis C3H (Fig. 3) . C3H,
286
although being a plant cytochrome P450 enzyme, has been successfully expressed in E. coli
287
[15, 17, 18]. As previously shown in the p-coumaric acid production from tyrosine ( Fig. 2) , 
Production of caffeic acid from tyrosine using TAL and C3H
293
In a second phase of the current study, TAL and C3H were combined to produce caffeic 294 acid from 3 mM of tyrosine (Fig. 4) . In a first approach, the genes were cloned together in 295 pETDuet-1. When these genes were combined, the production of caffeic acid increased 170
296
%. This increase is probably due to the fact that in this case the p-coumaric concentration in M a n u s c r i p t (Fig. S1 ).
305
However, when TAL was combined with C3H, protein production was not observed maybe to C3H production could be observed.
309
Cloning TAL in pCDFDuet-1 and C3H in pETDuet-1 led to results very similar to the 310 experiments in which these enzymes were used alone to produce p-coumaric acid or caffeic 311 acid, respectively ( Fig. 2A and Fig. 3 ). This occurs because the expression of TAL when 312 alone in the plasmid is very high (Fig. S1 ), leading to high production of p-coumaric acid.
313
Consequently, caffeic acid amounts are comparable to the ones obtained when p-coumaric 314 acid is added as substrate. Similar results were observed with the combination 315 pETDuet_TAL and pCDFDuet_C3H. The production of p-coumaric acid was 1.28 mM and 316 caffeic acid was 0.77 mM. Since caffeic acid is produced from p-coumaric, this suggests 317 that in total more than 2 mM of p-coumaric acid was produced. When only pETDuet_TAL 318 was used ( Fig. 2A) , the maximum p-coumaric acid production obtained was 0.9 mM, which 319 demonstrates that tyrosine can be converted faster if p-coumaric acid is being converted to M a n u s c r i p t 22 the next product. Again we observed that caffeic acid production does not increase 321 (compared to the cases when only C3H is used and the substrate is p-coumaric acid) since 322 the p-coumaric acid concentration in the medium is still very high. The combinations 323 pKVS45_TAL/ pCDFDuet_C3H, pCDFDuet_TAL/ pKVS45_C3H and pRSFDuet_TAL/ 324 pCDFDuet_C3H showed very similar results.
325
The combination pCDFDuet_TAL/pRSFDuet_C3H is very interesting as almost all the p- S. espanaensis to produce caffeic acid. Also, the authors used a tyrosine over producing 335 strain and no tyrosine limitation was observed during the caffeic acid production. After 336 several medium optimizations, the highest titer they reported after 72 h was 106 mg/L 337 (Table 1) , which is 1.7 times lower than the maximum titer obtained in the current study 338 after 63 h. Although those authors used the same plasmid to carry C3H (pRSFDuet-1), they 339 used the pTrcHis2B plasmid to carry TAL, which was previously described by Santos et al.
340
[26] and that we concluded it is not the best plasmid for this gene and to produce p-341 coumaric acid (See Production of p-coumaric acid from tyrosine using TAL section). Our M a n u s c r i p t 23 study reports the highest titer of caffeic acid produced so far using the combination of TAL 343 and C3H genes. CYP199A2 amino acid (GTG) as a start codon before the sequence was published (T. 
382
Since pKVS45 time of induction with aTc seems to limit caffeic acid production, pETDuet-383 1, that is induced using IPTG similarly to pCDFDuet-1, was chosen to clone the 384 CYP199A2 redox partners and evaluate if the caffeic acid production could be increased. with pCDFDuet-1, gave better overall results using TAL and C3H than the pETDuet-1 388 plasmid ( Fig. 2-4) .
390
3.6 Production of caffeic acid from tyrosine using TAL and CYP199A2
391
To produce caffeic acid from tyrosine, TAL and CYP199A2 were combined using different 392 approaches, namely together in the same plasmid but in different MCSs (TAL in MCS1 and 393 CYP199A2 in MCS2), or in an operon in MCS1 (Fig. 6) production since its toxicity leads to an even more pronounced decrease of the production.
415
The kinetic parameters of the enzymes used in this study should be determined, especially was accumulated (Fig.4) . Also, to improve the yield and to avoid the need of two separate M a n u s c r i p t 
